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Tomography Accurately Quantiﬁes Infarct
Size and Reduces Radiation Exposure
Hyuk-Jae Chang, MD, PHD, Richard T. George, MD, Karl H. Schuleri, MD, Kristine Evers,
Kakuya Kitagawa, MD, PHD, João A. C. Lima, MD, Albert C. Lardo, PHD
Baltimore, Maryland
O B J E C T I V E S This study sought to determine whether low-dose, prospective electrocardiogram
(ECG)-gated delayed contrast-enhanced multidetector computed tomography (DCE-MDCT) can accurately
delineate the extent of myocardial infarction (MI) compared with retrospective ECG-gated DCE-MDCT.
B A C KG ROUND For deﬁning the location and extent of MI, DCE-MDCT compares well with delayed
enhanced cardiac magnetic resonance. However, the addition of a delayed scan requires additional radiation
exposure to patients. The MDCT protocols using prospective ECG gating can substantially reduce effective
radiation dose exposure, but these protocols have not yet been applied to infarct imaging.
METHOD S Ten porcine models of acute MI were imaged 10 days after MI using prospective and
retrospective ECG-gated DCE-MDCT (64-slice) 10 min after a 90-ml contrast bolus. The MDCT images were
analyzed using a semiautomated signal intensity threshold technique. Infarct size, signal-to-noise (SNR) ratios,
contrast-to-noise (CNR) ratios, and image quality metrics were compared using the 2 ECG-gating techniques.
R E S U L T S Infarct volume measurements obtained by both methods were strongly correlated (R 
0.93, p  0.001) and in good agreement (mean difference: 0.46 ml  4.00%). Compared with
retrospective ECG gating, estimated radiation dosages were markedly reduced with prospective ECG
gating (930.1  62.2 mGycm vs. 42.4  2.3 mGycm, p  0.001). The SNR and CNR of infarcted
myocardium were somewhat lower for prospective gated images (22.0  11.0 vs. 16.3  7.8 and 8.8 
5.3 vs. 7.0  3.9, respectively; p  0.001). However, all of the examinations using prospective gating
protocol achieved sufﬁcient diagnostic image quality for the assessment of MI.
CONC L U S I O N S Prospective ECG-gated DCE-MDCT accurately assesses infarct size compared with
retrospective ECG-gated DCE-MDCT imaging. Although SNR and CNR of infarct were signiﬁcantly higher
for the retrospective gated protocol, prospective ECG-gated DCE-MDCT can provide high-resolution
imaging of MI, while substantially lowering the radiation dose. (J Am Coll Cardiol Img 2009;2:412–20)
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413he ability to distinguish dysfunctional but
viable myocardium from nonviable tissue after
myocardial ischemia has important impli-
cations for the therapeutic management of
atients with coronary artery disease (CAD)
1,2). The assessment of both myocardial viability
nd infarct morphology using delayed contrast-
nhancement (DCE)-cardiac magnetic resonance
See page 421
CMR) has been well validated over the past several
ears (3,4); however, the limited spatial resolution
f CMR has the potential to overestimate infarct
ize because of partial volume effects (5), and
echnique is still time-consuming to exclude its
pplication in the setting of acute chest pain.
urthermore, with the proliferation of intracardiac
evices (i.e., implantable cardioverter-defibrillators
nd biventricular pacers), alternatives to DCE-
MR are required in this population of patients,
ho are potential candidates for viability imaging.
The potential to visualize nonviable myocardium
sing computed tomography (CT) was first reported
n late 1970s (6,7). Because iodinated contrast agents
or CT show similar delayed contrast kinetics as
adolinium-based CMR contrast agents (8) and new-
eneration detectors are providing images with unsur-
assed spatial resolution, the direct assessment of
yocardial viability by means of DCE multidetector
omputed tomography (MDCT) has evoked increas-
ng interest and initial results are promising. Recently,
e showed that the spatial extent of acute and healed
yocardial infarction (MI) can be determined and
uantified accurately with DCE-MDCT (9). How-
ver, increasing the X-ray exposure with additional
ate scans is a major obstacle to the widespread use of
DCT for this application.
So far, infarct detection by MDCT has most often
een based on the description of perfusion deficits
uring the first pass of contrast. The MDCT first-
ass imaging correlates well with infarct size in non-
eperfused MI (10,11); however, in the setting of
eperfusion, it shows insufficient accuracy and signif-
cant underestimation of infarct size (12,13).
Several studies reported various low-dose DCE-
DCT protocols based on modulation of tube
urrent and/or reductions in tube voltage (14–16).
owever, these methods come at the cost of greater
mage noise, and dose reductions were not enough
o apply DCE-MDCT into routine clinical prac-
ice, when combined with coronary computed to-
ography angiography (CCTA). bMore recently, new CCTA acquisition protocols
ave been proposed with prospective electrocardio-
ram (ECG) gating (17). With this technique, radi-
tion is only administered at predefined time points of
he cardiac cycle, rather than the entire cardiac cycle as
n the case of retrospective ECG-gated helical
DCT acquisition. The former is associated with a
ubstantial reduction of radiation dose without com-
romise of diagnostic image quality.
Accordingly, the purpose of the present study
as to explore the hypothesis that low-radiation
CE-MDCT viability imaging with prospective
CG gating is accurate for the measurement of
nfarct size and microvascular obstruction (MVO)
ompared with high-dose retrospective
CG-gated DCE-MDCT imaging.
E T H O D S
nimal preparation. All animal studies
ere approved by the Johns Hopkins Uni-
ersity Institutional Animal Care and Use
ommittee and comply with the Guide
or the Care and Use of Laboratory Ani-
als (National Institutes of Health publi-
ation no. 80-23, revised 1985).
Myocardial infarction was created by
emporary balloon occlusion of the left an-
erior descending (LAD) coronary artery for
20 min, followed by reperfusion. Ten Göt-
ingen minipigs (Marshall BioResources,
orth Rose, New York) (mean weight
8  3 kg) were subjected to induction of
nesthesia with ketamine (35 mg/kg intra-
uscularly), and initially anesthesia was
chieved with pentobarbital (20 to 60
g/kg intravenously). Minipigs were in-
ubated and mechanically ventilated with
nhaled isoflurane during catheterization
nd MDCT scanning. A midline neck
ncision was made, and the right carotid artery was
annulated with an 8-F sheath. Heparin 5,000 U
as administered intravenously. Left ventriculo-
ram was performed with either a 7-F pigtail
atheter with side holes or a Judkins right 4 guide
atheter in both the left anterior oblique views. The
eft coronary artery was cannulated with a Judkins
ight 4 or hockey stick guiding catheter, and a
aseline coronary angiogram was obtained to show
he patency of artery. Then, a 0.014-inch angio-
lasty guidewire was inserted into the LAD under
uoroscopic guidance and 2.5  12-mm Maverick
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414as inflated to 4 atm just distal to the second
iagonal branch of the LAD. Complete cessation of
ow in the LAD was confirmed by angiography.
he balloon was left inflated for 120 min with an
ntravenous lidocaine infusion throughout this
ime. After balloon deflation, restoration of flow in
he LAD was confirmed by angiography and any
pasm of the coronary artery was treated with
ntracoronary nitroglycerin 100 g. Repeat left
A
50% of R-R interval
Scan
Reconstruction
Table feed
SCOUT Contrast
1
C
Figure 1. Experimental Prospective and Retrospective ECG-Gate
(A) Prospective electrocardiogram (ECG)-gated protocols prospectiv
interval, in this case 50%. Imaging occurs every other heartbeat wit
Half scan techniques gave an exposure time of approximately 0.3 s
acquired during scan was used to image reconstruction. (B) Retrosp
ning. Using this method, image data throughout the R-R interval is
tion methods, images can be reconstructed at any speciﬁc phase o
computed tomography (MDCT) protocol timeline. After scout imagi
Table 1. Comparison of Parameters According to
Scan Protocols
Prospectively
Gated
Retrospectively
Gated
Scanning
Detector collimation, mm 4  3 64  0.5
Tube voltage, kV 120 120
Tube current, mA 150 400
Gantry rotation, s 0.4 Variable
Helical pitch — Variable
ECG triggering, percent
of R-R interval
50 —
Field of view, mm 120 120
Reconstruction Half Segmental
Convulation kernel FC 43 FC 43
Percent of R-R interval 50 50
Slice thickness, mm 3 3
ECG  electrocardiographic.MDCT imaging sequentially with prospective and retrospective ECG-gatentriculogram confirmed the presence of an ante-
ior wall myocardial infarction. The catheters and
heath were removed, and the carotid artery ligated.
DCT imaging and reconstruction. The MDCT im-
ging was performed with a 0.5 mm  64-detector
canner (Aquilion 64, Toshiba Medical Systems
orporation, Otawara, Japan). Animals received
ntravenous metoprolol (2 to 5 mg) and amiodarone
50 to 150 mg) to achieve a heart rate 100
eats/min for delayed-enhancement studies. Mean
eart rate during the MDCT examination was 96
8 beats/min. After scout acquisition and slice
rescription, a 90-ml bolus of iodixanol (Visipaque
20, Amersham Health, Amersham, United King-
om) was injected intravenously at a rate of 5 ml/s,
ollowed by a 30-ml saline chaser. During image
cquisition, mechanical ventilation was suspended
nd delayed enhanced images were acquired 10 min
fter contrast delivery. Immediately after scanning
ith a prospective ECG-gated MDCT protocol,
hich was developed for calcium score scan, a
etrospectively gated scan was performed with pre-
et parameters as in Table 1. The mean time
nterval between both scans was 45  15 s (Fig. 1).
After acquisition of the dataset, prospectively and
etrospectively gated scan images were recon-
tructed at a 3-mm slice thickness using identical
50% of R-R interval
B
minutes)
A B
DCT Protocol
rigger the start of axial scanning at predeﬁned phase of the R-R
ble movement occurring during the heartbeat between 2 scans.
a scanner with a 0.5-s gantry rotation time. All of the dataset
ve ECG-gated protocol using continuous table feeding and scan-
uired over several heartbeats. Using retrospective ECG reconstruc-
R-R interval, in this case 50%. (C) Experimental multidetector
iodinated contrast was infused; followed 10 min later by delayed0 (
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415onvolution kernel (FC 43) by half-segment and
ultisegment reconstruction algorithms, respec-
ively. The source images on the same phase of the
ardiac cycle with prospectively gated scan were
elected for reconstruction from retrospectively
ated scan (Table 1). For exposure dose calculation,
n acrylic phantom with a diameter of 32 cm was
canned with a 32-cm field of view to measure
eighted computed tomography dose index
CTDIw). A calibrated ion chamber dosimeter was
sed for measurement. The result showed that the
ormalized CTDIw (nCTDIw) per 100 mAs at
20 kV was 9.4 mGy/100 mAs. Based on this
esult, the exposure dose for the following scan
onditions is calculated based on the scan condi-
ions shown in Table 1 (18).
mage analysis. The reconstructed data set was then
ransferred to a custom cardiac software package
Cine Display Application, GE Medical Systems,
ilwaukee, Wisconsin) for image analysis.
Using hand planimetry, after definition of endo-
ardial and epicardial contours of left ventricle
LV), normal myocardial signal intensity (SI) was
Figure 2. Method of Image Analysis
(A) Infarction area was deﬁned as those with a signal intensity (SI)
(red). (B) Based on graphics displayed by SI histogram thresholding
within the deﬁned SI range in the 3 dimensions and (C) to deﬁne c
(orange). Using this method, the software determined the mean SI
infarct volume and total percent volume. Microvascular obstruction
area. (D) Histopathologic staining of infarct morphology with a triphenyl teetermined by drawing a region of interest (ROI) in
he myocardium remote from the infarct in each
lice. These results were used to define a hyperen-
ancement SI threshold as myocardium having an
I 1 SD above the mean SI of the remote region.
nfarct area was then calculated using a step-based
lgorithm to: 1) detect voxels within the defined SI
ange; 2) check for voxel continuity in the X, Y, and
directions; 3) generate clusters of voxels that meet
he hyperenhancement definition; and 4) define the
yperenhancement as the largest cluster detected.
sing this method, the software determined the
ean SI of the hyperenhancement in Hounsfield
nits and calculated total infarct volume and total
ercent volume. MVO was defined as the hypoen-
anced regions within the hyperenhanced area (Fig.
). The MDCT images were also analyzed by 2
ndependent experienced operators to calculate in-
erobserver and intraobserver agreements in a ran-
om subset of 5 animals.
In each animal, visually matching corresponding
ubsets of 5 image slices were chosen for compari-
on of quantitative and qualitative assessments of
er than 1 SD above the mean SI of remote normal myocardium
arct was calculated using a step-based algorithm to detect voxels
ers of voxels that meet the hyperenhancement deﬁnition
he hyperenhancement in Hounsﬁeld units and calculated total
deﬁned as the hypoenhanced regions within the hyperenhancedhigh
, inf
lust
of t
wastrazolium-stained slice showing a anteroseptal infarct.
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416mage quality according to scan protocols. The SIs
ere measured on the raw-data images by drawing
0-mm2 ROI in LV blood pool (SIblood), infarct
SIinf), and normal myocardium (SImyo). The
ignal-to-noise ratio (SNR) was defined as the ratio
f mean SI in the ROIs to the SD of the SI in the
ir (i.e., noise) (SDnoise) lateral to the thorax. The
ontrast-to-noise ratio (CNR) was calculated ac-
ording to the following formula (18): CNR 
SIinf – SImyo) / SDnoise. The quality of image was
ssessed on a 4-point scale: 1) indicated very unsat-
sfactory and not useful for diagnostic purposes; 2)
nsatisfactory, with serious compromise of diagnos-
ic image quality; 3) satisfactory, with good diag-
ostic image quality; and 4) very satisfactory, with
ery good diagnostic image quality (18).
tatistical analysis. Agreement of the results was
etermined by the Pearson correlation coefficient
19) and Bland-Altman method calculated as mean
SD difference between the 2 methods at 95%
onfidence interval (CI) (20). According to the
ormality of distribution, paired t test (21) or
ilcoxon signed rank test (22) was performed to
etermine whether there were significant differ-
nces in parameters between scan protocols. Intra-
bserver and interobserver variance was calculated
s mean difference  SD. Statistical significance
as defined as a 2-sided probability value 0.05,
nd all analyses were performed using MedCalc
Figure 3. Comparison of Prospective and Retrospective ECG-Ga
Visualization of myocardial infarction 10 days after balloon occlusio
without microvascular obstruction (MVO). Abbreviations as in Figure 1.or Windows, version 8.1.1.0 (MedCalc Software,
ariakerke, Belgium).
E S U L T S
he MDCT scan images were successfully obtained
n all animals from both protocols. The DCE in the
nfarct territory was confirmed in all animals (Fig.
). Total LV myocardial volumes as measured by
rospective scan did not differ (mean absolute
ifference: 0.54  5.81%) and linearly correlated
ith ones of retrospective scan (R  0.69, 95% CI:
0.10 to 0.92, p  0.03).
Infarct and MVO volumes and their percent
olume ratios of total LV myocardium as measured
n each protocol also did not differ, and prospective
can showed only tendency to overestimation of
VO area when compared with retrospective scan
Table 2).
Comparison of infarct and MVO percent vol-
mes between both protocols showed good corre-
ations and only small mean differences (0.46 
.00% and 0.99  1.45%, respectively) (Fig. 4).
For retrospectively gated data sets, interobserver
nd intraobserver measurements of infarct percent
olumes were closely correlated (R 0.97, 95% CI:
.59 to 1.00, p 0.01, and R 0.98, 95% CI: 0.67
o 1.00, p  0.01, respectively) and mean differ-
nces in infarct volumes were small (1.98  3.10%
MDCT Images 10 Min After Contrast Injection
perfusion injury in retrospective and prospective scans, with orted
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417nd 0.45  2.44%, respectively). Similar results
ere obtained for prospectively gated acquisitions
R  0.96, 95% CI: 0.55 to 1.00, p  0.01, and
 0.98, 95% CI: 0.62 to 1.00, p  0.005; mean
ifferences, 2.40  3.30% and 0.31  3.58%,
espectively).
Although the SNR and CNR of infarct were
omewhat higher for the retrospective technique,
rospective ECG-gated DCE-MDCT provided
igh-resolution imaging of MI with lowering the
adiation dose (930.1  62.2 mGycm vs. 42.4 
.3 mGycm, p  0.001). On a slice by-slice
nalysis, the SIs of LV blood pool, normal myocar-
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Figure 4. Correlations and Quality Control Plots for Infarct and
ECG-Gated MDCT Protocols
Correlation analysis using scatter diagram and regression line of inf
protocols. Quality control plots using Bland-Altman analysis of the a
Table 2. Comparison of Volume of Interests According to
Scan Protocols (n  10)
Retrospective
Scan
Prospective
Scan
p
Value
LV myocardium,
total, ml
54.99 6.89 56.02 7.80 0.65
Infarct, ml 13.11 3.90 13.67 4.65 0.22
Percent infarct 24.2 8.4 24.7 8.9 0.68
MVO, ml 0.97 0.70 1.51 1.07 0.05
Percent MVO 1.8 1.3 2.7 2.1 0.06
Values are expressed as mean  SD.
LV  left ventricle; MVO  microvascular obstruction.between the 2 protocols. Abbreviations as in Figures 1 and 3.ium, and infarcted myocardium were not different
etween both methods (Table 3).
The SNRs of infarct and normal myocardium
ere lower in scan images using the prospective
ating protocol, and contrast-to-noise ratio be-
ween infarct and normal myocardium was also
educed by the prospective gating protocol. How-
ver, in qualitative analysis, all the examinations
sing retrospective ECG gating protocol have di-
gnostic image quality for the assessment of myo-
ardial contrast change (52%: good, 48%: excellent
n a per-slice analysis; 50%: good, 50%: excellent
n a per-subject analysis) and all the examinations
sing prospective gating protocol were compara-
ively lower but also achieved sufficient diagnostic
mage quality (62%: good, 38%: excellent on a
er-slice analysis, p  0.001; 70%: good, 30%:
xcellent on a per-subject analysis, p  0.04).
I S C U S S I O N
he major finding of the present study is that
rospective ECG-gated DCE-MDCT myocardial
maging can accurately quantify nonviable and via-
le myocardium after myocardial infarction as cur-
ent retrospective ECG-gated DCE-MDCT im-
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418ging and also significantly reduces the amount of
adiation exposure.
Almost 30 years ago, the potentials of computed
omography for the detection of MI were reported
6–8), and since then, improvement of MDCT
echnology permits sufficient spatial and temporal
esolution to define myocardial viability. Due to
oncerns about increasing X-ray exposure with
dditional late scans; however, infarct detection by
DCT has been based on the appearance of
erfusion deficits during the first pass of contrast.
offmann et al. (10) performed 4-slice MDCT in a
ig model of nonreperfused MI and showed a good
orrelation between histomorphometric infarct and
DCT regions of hypoenhancement. In the set-
ing of reperfusion (12,13), however, MDCT first-
ass imaging shows insufficient accuracy and signif-
cant underestimation of infarct size, which have
ecome much more common after the introduction
f reperfusion therapy.
The DCE-MDCT can determine and accurately
uantify MI by well-delineated hyperenhanced re-
ions within certain time intervals after contrast
njection, whereas regions of MVO are character-
zed by hypoenhancement on early imaging in a
ime-dependent manner (9,23). Furthermore, io-
ine concentration on the infarct region reaches a
aximum very quickly (5 to 10 min) after contrast
njection; therefore, the single contrast bolus can be
sed to acquire both CCTA and DCE-MDCT to
nhance nonviable myocardium. The assessment of
oth myocardial viability and infarct morphology,
n conjunction with current high-resolution coro-
ary artery imaging, represents an undisputed ad-
antage of MDCT over other competing imaging
echnologies and has important implications for
omprehensive assessment of the patients with
n Parameters of Quantitative Image Analysis According to
0, 5 Slices per Animal)
Prospective Scan Retrospective Scan p Value
190.4 26.0 186.2 31.4 0.13
184.2 24.3 179.6 31.1 0.34
105.6 20.1 108.0 18.6 0.48
12.7 3.9 9.4 3.1 0.001
9.3 4.5 13.2 6.4 0.001
16.3 7.8 22.0 11.0 0.001
7.0 3.9 8.8 5.3 0.01
ean  SD Wilcoxon signed rank test.
ratio; LV  left ventricle; SNRinf  signal-to-noise ratio of infarct; SDnoise 
ignal intensity in the air; SNRmyo  signal-to-noise ratio of normal myocardium.AD and MI. Hence, establishment of MDCT arotocols with a lower radiation dose while main-
aining suitable image quality is an essential prereq-
isite to assess myocardial viability as a part of a
omprehensive study.
Initial studies for the practicability of MDCT
iability imaging have been performed with stan-
ard 120 kV and 400 to 800 mAs full-dose proto-
ols (15), but there are also promising results with
ower-dose late-phase CT scans. Brodoefel et al.
14) reported that myocardial viability can accu-
ately be assessed by MDCT at 80 kV. Closer to the
-edge of iodine, a tube voltage of 80 kV achieves
more optimal absorption of radiation and hence
as the potential to allow better contrast enhance-
ent. However, this comes at the cost of greater
mage noise. Therefore, prior studies have used
igh tube current (800 mAs), which lowers the
adiation dose by only 65% when compared with
tandard acquisition parameters. In practice, using
0 kV, the image noise was shown to exponentially
ncrease in thoracic imaging of patients weighing
ore than 75 kg. Therefore, weight issues also
emain a considerable limitation to the exclusive use
f low kilovoltage protocols in clinical routine
ractice (24).
More recently, a new CCTA acquisition protocol
as been introduced that utilizes prospective ECG
ating (17). Prospective ECG-gated protocols limit
adiation dose exposure to only a small portion of
he R-R interval, thus significantly reducing X-ray
xposure time to patients. This is in contrast to
etrospective ECG-gated protocols during helical
DCT imaging that continuously expose patients
o radiation throughout the R-R interval over 5 to
0 heartbeats. The former is likely to be associated
ith a substantial (90%) reduction of radiation
ose. In the present study, we used the prospective
CG-gated protocol that we currently use to per-
orm calcium scoring (120 kV/150 mA) and com-
ared with our commonly used 64-slice CCTA
rotocol (120 kV/400 mA). Although the signal
ntensity of infarct and normal myocardium were
ot different between protocols, there was a de-
rease in the SNRs of infarct and normal myocar-
ium using the prospective ECG-gated protocol,
rimarily attributed to its lower tube current and
onger data windows used for image reconstruction
half vs. segmental scan reconstruction). However,
n the qualitative analysis, all the examinations
sing the prospective ECG-gated protocol achieved
ufficient diagnostic image quality for the assess-
ent of myocardial contrast change. In addition toTable 3. Differences i
Scan Protocols (n  5
Signal intensity, HU
LV blood pool
Infarct
Normal myocardium
SDnoise, HU
SNRmyo
SNRinf
CNR
Values are expressed as m
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419f the acquisition, there is a further decrease attrib-
table to the use of a wider collimation. Nieman et
l. (25) showed a decrease in radiation exposure
ith a wider detector collimation (24  1.2 mm)
nd lower tube output (100 kV, 800 mAs).
owever, the calculated radiation dose was 4.5 
.4 mSv, which was still 62% of their standard
cquisition protocol. In our study, we showed
hat prospective ECG-gated DCE-MDCT can
rovide a substantial radiation dose reduction and
eems to be feasible without sacrificing diagnos-
ic accuracy.
tudy limitations. In the present study, we did not
rovide CMR or histopathological correlation with
nfarcted tissue as defined by DCE-MDCT. How-
ver, our previous experimental work (9) did show
hat the spatial extent of MI can be quantified
ccurately with retrospective ECG-gated DCE-
DCT imaging. The contrast injection used in theW, Newell JD. Evaluation of myocar-
al. Assessment of
tions using multidquivalent to a double contrast dose for an average-
ized patient. Such a dose (90 ml) was selected to
nsure that the contrast material was not a limiting
actor and tissue uptake was maximized to define
he ROI accurately.
O N C L U S I O N S
rospective ECG-gated MDCT imaging can accu-
ately assess infarct and MVO size when compared
ith retrospective ECG-gated MDCT imaging.
lthough SNR and CNR of infarct were signifi-
antly higher in retrospective ECG-gated protocol,
rospective ECG-gated DCE-MDCT can provide
igh-resolution imaging of MI while lowering the
adiation dose from 930.1 to 42.4 mGycm.
eprint requests and correspondence: Dr. Albert C. Lardo,
ohns Hopkins University School of Medicine/Division
f Cardiology, 1042 Ross Building, 720 Rutland Avenue,tudy for 30-kg pigs in average is approximately Baltimore, Maryland 21205. E-mail: al@jhmi.edu.1
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